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TRANSIENT RESPONSE OF OP  AMP CIRCUITS 

Let us consider a voltage follower and determine its step response 
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Taking the inverse Laplace it yields 
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The rising time tR is defined as the time for the output vo(t) to reach 90% of 

Vm and starting at 10% Vm. 
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Let us consider next a Voltage Gain  1 for the non-inverting amplifier 
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From Nodal Analysis 
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* Reference: Passive and Active Network Analysis and Synthesis, Aram Budak. 
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The corresponding time-domain expressions become 
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TRANSIENT RESPONSE EXPRESSION DERIVATIONS 

• Finding delay time τD: 

0.5𝐾𝑚 = 𝐾𝑚(1 − 𝑒−𝜏𝐷𝜔3𝑑𝐵)  
1

2
= 𝑒−𝜏𝐷𝜔3𝑑𝐵; 𝜏𝐷 =

0.693

𝜔3𝑑𝐵
 

• Finding rising time 𝜏𝑅 = 𝑡2 − 𝑡1 

0.1𝐾𝑚 = 𝐾𝑚 1 − 𝑒−𝑡1𝜔3𝑑𝐵 ; 𝑡1 =
0.1

𝜔3𝑑𝐵
 

0.9𝐾𝑚 = 𝐾𝑚 1 − 𝑒−𝑡2𝜔3𝑑𝐵 ; 𝑡2 =
2.3

𝜔3𝑑𝐵
 

Thus 

𝜏𝑅 = 𝑡2 − 𝑡1 =
2.2

𝜔3𝑑𝐵
=

2.2

2𝜋𝑓3𝑑𝐵
=

0.35

𝑓3𝑑𝐵
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In order to keep the circuit operating in the linear region the following inequality must 

be satisfied. 

(SR) Slew Rate  GBVm 

where GB is expressed in r/s. If this condition is not satisfied the step 

response is slewing-rate-limited. 

Furthermore, if we consider a sinusoidal input              , an output 
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Note that the Gain Effect has been cancelled for the non-inverting case. GB must be in r/s units 

For the Inverting Amplifier 

𝑣𝑜 𝑡 = −
𝑅2

𝑅1
𝑣𝑚 1 − 𝑒

−
𝑡𝐺𝐵

1+
𝑅2
𝑅1  

 𝑚𝑎𝑥
𝑑𝑣𝑜 𝑡

𝑑𝑡
= −

𝑅2

𝑅1+𝑅2
𝑣𝑚𝐺𝐵 

Then the inequality becomes 

𝑅2

𝑅1 + 𝑅2
𝑣𝑚𝐺𝐵 < 𝑆𝑅 



Unity Gain Voltage Buffer Example 
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SIMULATION AND VERFICATION 



(a) 10 mV Input Step 

7 

Vo Vin 

∆𝑣𝑜

∆𝑡
 
𝑣𝑚=0.01

≈ 0.043𝑉 𝜇𝑠 < 𝑆𝑅 

𝜏𝑅 =
2.2

𝐺𝐵
=

2.2

2𝜋 × 1.55 × 106
= 0.226𝜇𝑠 

𝜏𝐷 =
0.693

9.734 × 106
≈ 0.072𝜇𝑠 

NOTE: 𝑉𝑂𝐹𝐹𝑆𝐸𝑇 = 1𝑚𝑉 



(b) 5 V Input Square Wave 
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Vo Vin 

Rising Slope: 
∆𝑣𝑜

∆𝑡
 
𝑣𝑚=5

≈ 0.325𝑉 𝜇𝑠 ≈ 𝑆𝑅 

Falling Slope: 
∆𝑣𝑜

∆𝑡
 
𝑣𝑚=5

≈ 0.325𝑉 𝜇𝑠 ≈ 𝑆𝑅 



(c) 3dB Cut Off Frequency 
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𝑓3𝑑𝐵 = 𝑓𝑡 ≈ 1.55𝑀𝐻𝑧 

𝜔3𝑑𝐵 = 2𝜋𝑓𝑡 ≈ 2𝜋 × 1.55𝑀𝐻𝑧 
                          = 9.739𝑀𝑟𝑎𝑑/𝑠 



EXAMPLE: NON-INVERTING AMPLIFIER 

• An operational amplifier with SR = 0.325 V/µs 
and 𝜔𝑡 = 𝐺𝐵 = 9.739𝑀 rad/s, is used to 
implement a non-inverting amplifier of gain 
10, which will limit the rate of rise of the 
output, the slewing or the bandwidth when 
a) The input Vi =10mV step 

b) The input Vi = 0.6 V step 

c) The input is a sinusoidal 0.5 sin 2𝜋 × 5𝑘 × 𝑡  

d) The input is a sinusoidal 1.5 sin 2𝜋 × 5𝑘 × 𝑡  
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Solution 
a) Determin 𝑉𝑚𝐺𝐵 = 0.01𝑉 × 9.739𝑀𝑟 𝑠 =

0.097𝑉/𝜇𝑠 

And 𝑆𝑅 = 0.325𝑉/𝜇𝑠 

Since SR is the larger of the two, the rate of the 
output is limited by the BANDWIDTH 

b) In this case, 𝑉𝑚𝐺𝐵 = 0.6𝑉 × 9.739𝑀𝑟 𝑠 =
5.84𝑉/𝜇𝑠 

Thus, 𝑆𝑅 < 𝑉𝑚𝐺𝐵. The rate of rise is limited by the 
slewing rate. Note that the output will change 
linearly rather than exponentially. 
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Solution 

c) Determine maximum change in closed loop. (Vm 
is the peak value) 

𝑉𝑜𝑚 𝜔𝑖𝑛 = 𝑉𝑚 1 +
𝑅2

𝑅1
𝜔𝑖𝑛 = 0.5 × 10 × 2𝜋 × 5 × 103

= 0.157𝑉 𝜇𝑠 < 𝑆𝑅 

Since 𝑉𝑚𝜔𝑖𝑛 is smaller than the SR, the rate of rise of the 
output is limited by the BANDWIDTH 
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Non-inverting Amplifier of Gain = 10 

𝑆𝑅 ≈ 0.325𝑉/𝜇𝑠 

𝐺𝐵 = 2𝜋 × 1.55𝑀𝑟/𝑠 
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SIMULATION AND VERFICATION 



(a) 10 mV Input Step 

Vx Vo Vin 
Va = Vin - Vx 

BW LIMIT 

< SR 

𝜏 =
1 +

𝑅2
𝑅1

 

𝐺𝐵 (𝑟𝑎𝑑)
= 1.03𝜇𝑠 

∆𝑣𝑜

∆𝑡
 
𝑣𝑚=0.01

≈ 0.057𝑉/𝜇𝑠 
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Measured 
tR~3.4µs ≈ 

Calculation 
2.2 × 𝜏 = 2.26𝜇𝑠 

NOTE: 𝑉𝑂𝐹𝐹𝑆𝐸𝑇 = 10.9𝑚𝑉 



(b) 600 mV Input Step 

Vx Vo Vin 

Va = Vin - Vx 

SR LIMIT 

~ SR 
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∆𝑣𝑜

∆𝑡
 
𝑣𝑚=0.6

≈ 0.321𝑉/𝜇𝑠 



(c) 5 kHz 0.5V Input Sin Wave 

Vx Vo Vin 
SPECTRUM OF OUTPUT WAVE 

BW LIMIT 

16 

No Noticeable Harmonics & Distortion 



(d) VSAT @ 5 kHz 1.5V Input Sin 

𝑉𝑆𝐴𝑇 =
27.8

2
= 13.9 𝑉 

Vo 

VSAT 

∆𝑣𝑜

∆𝑡
 
𝑣𝑚=1.5

≈ 0.325𝑉/𝜇𝑠 

𝑉𝑚𝜔𝑖𝑛 = 1.5 × 10 × 2𝜋 × 5𝑘 = 0.47 𝑉 𝜇𝑠 > 𝑆𝑅 = 0.325 𝑉 𝜇𝑠  
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SPECTRUM OF OUTPUT WAVE 

SR LIMIT 

Noticeable Harmonics & Distortion 


